Recently, the Indirect Field Oriented Control (IFOC) scheme for Induction Motors (IM) has gained wide acceptance in high performance applications. The IFOC has remarkable characteristics of decoupling torque and flux along with an easy hardware implementation. However, the detuning limits the performance of drives due to uncertainties of parameters. Conventionally, the use of a Proportional Integral Differential (PID) controller has been very frequent in variable speed drive applications. However, it does not allow for the operation of an IM in a wide range of speeds. In order to tackle these problems, optimal, robust, and adaptive control algorithms are mostly in use. The work presented in this paper is based on new optimal, robust, and adaptive control strategies, including an Adaptive Proportional Integral (PI) controller, sliding mode control, Fuzzy Logic (FL) control based on Steepest Descent (SD), Levenberg-Marquardt (LM) algorithms, and Hybrid Control (HC) or adaptive sliding mode controller to overcome the deficiency of conventional control strategies. The main theme is to design a robust control scheme having faster dynamic response, reliable operation for parameter uncertainties and speed variation, and maximized torque and efficiency of the IM. The test bench of the IM control has three main parts: IM model, Inverter Model, and control structure. The IM is modelled in synchronous frame using dq modelling while the Space Vector Pulse Width Modulation (SVPWM) technique is used for modulation of the inverter. Our proposed controllers are critically analyzed and compared with the PI controller considering different conditions: parameter uncertainties, speed variation, load disturbances, and under electrical faults. In addition, the results validate the effectiveness of the designed controllers and are then related to former works.
Introduction
Induction Machines (IM) have a wide use in industries for different processes due to their high performance. Since their discovery, the IM has been considered the predominant actuator in constant speed maneuvers. The advantageous characteristics of IM are: (a) low cost, (b) high efficiency, (c) small inertia, (d) inherent self-starting, (e) absence of collector brooms systems, (f) less maintenance, and (g) simpler design [1] . Conversely, the IM is insufficient to provide flexible speed operation due to its non-linear, complex, and multivariable mathematical model [2] . The aforementioned limitations can be resolved by designing smart and sophisticated Vector Control (VC) and scalar control strategies [3] .
Remarkable dynamic response is mandatory for the load disturbances and parameter uncertainties of electric drives to respond to speed and torque control loops. In scalar control, constant torque and flux response is achieved by simple a V/f or Volts/Hertz constant rule with the sluggish dynamic response. In the greater part of advanced, industrial electrical-drive control-applications, the standardized technique to control squirrel cage induction motors is based on the VC principle to accomplish the best dynamic performance [3, 4] . In VC or Field-Oriented Control (FOC), like a separately excited DC motor, the flux and torque are individually controlled [5] . The addition of VC to IM lead to IM popularity by allowing variable speed operation and motion control drives [6] . The speed, torque, and position of the IM are conventionally controlled by a fixed gain Proportional Integral Differential (PID) control strategy that is load, speed, and parameter variation disturbance-sensitive. Adaptive control law is one of the solutions to solve these problems [7] .
Recently, specialists have centered their effort on mitigating the effect of uncertainties and disturbances using various control approaches. The PID control scheme is widely utilized in industries because of the ease of design, low cost, and simple control structure [8] . However, this scheme is unable to provide perfect control for uncertainty, disturbances, and highly non-linear systems. In addition, these control schemes lack the knowledge of uncertainty and disturbances. However, non-linear control is used to tackle the parameter variation problem and enhance the performance of Indirect Field Oriented Control (IFOC) IM. These control methods include adaptive and robust control [9, 10] , variable structure control [11] , Sliding Mode Control (SMC) [12, 13] , Fuzzy Logic Control (FLC) [14, 15] , Neural Network (NN) [16, 17] , Hybrid Controller (HC) [18] , a genetic algorithm based on supervisory control [19] , Model Reference Systems (MRAS) control [20] , and optimal control [21] strategies. The above-mentioned non-linear control techniques improved control performance of the IM. Though, these linear and non-linear control strategies lack analysis of load disturbances, parameter uncertainties due to inductances and temperature, and speed variation in comparison with various optimal and adaptive control strategies. Moreover, electrical fault perturbation investigation, e.g., double phase, single phase, overvoltage, and undervoltage, has not been incorporated in previous work done on IFOC IM drives [22] [23] [24] [25] .
This paper is based on the design of the following different optimal control strategies: (a) FLC based on Steepest Descent (SD) and Levenberg-Marquardt (LM) algorithms (b) adaptive Proportional Integral (PI) control (c) SMC, and (d) HC or adaptive SMC for compensation of parameter uncertainties, load disturbances, electrical faults perturbations, and speed variation of IFOC IM. The Adaptive PI control scheme incorporates the promising features of conventional PI and Fuzzy Logic. The Fuzzy Inference System (FIS) is used to update proportional k p and integral k i gains in accordance with sudden load disturbances, parameter uncertainties, and speed variations. The proposed control design provides better and faster dynamic response with a zero Steady State Error (SSE) [22] .
The presence of parameter uncertainties, load disturbance, and temperature variation makes the accomplishment of an exact model challenging. To tackle such deficiencies, FLC is implemented in the IM drives, as FLC does not require an exact mathematical model as it adds human logical thinking to the control scheme [14] . The FLC uses a linguistic approach for developing a control algorithm for the Multiple Input Multiple Output (MIMO) system by mapping the output and the input correlation based on human proficiency. The global non-linearities that are mostly problematic to the model are controlled by Fuzzy logics that makes FLC tolerable to parameter uncertainties, robust, and more accurate [15] . The valuable features of the proposed SMC are as follows: (a) it is insensitive to external load disturbance and robust to system uncertainties and parameter variation, (b) it offers a stable control system with faster dynamic response, (c) the software/hardware implementation of SMC is easy, and (d) the non-linear systems that are uncontrollable with linear controllers are handled by SMC [12, 13] . In our designed HC, the better of the two non-linear control approaches, PI-fuzzy and SMC, are incorporated. PI-fuzzy reduces chattering during steady state operation. The transient state error is minimized by SMC, providing system stability and fast dynamic response [23] .
In light of the above specified issues, the main contributions of our paper are: 
•
The performance of the detuning effect of the IFOC caused by Rotor Resistance (RR) deviation at 200%, 150%, and 120% of the rated values are analyzed for proposed optimal control schemes.
Electrical faults perturbations, e.g., double phasing, single phasing, overvoltage, and undervoltage, are scrutinized along with load disturbances in order to verify robustness and fault tolerant capability of the IFOC IM drive.
Comparative analyses of the various proposed optimal control strategies for load disturbances concerning undershoot, overshoot, rise time, settling time, and fast response with traditionally tuned PI controller are also performed.
Speed variation is also discussed, described, and analyzed to satisfy the requirement of variable speed drives.
The rest of paper is organized as follows: the modeling of IM in a synchronous frame is described in Section 2, Section 3 presents the IFOC schemes for the IM, and the design of different proposed controlled strategies is presented in Section 4. Section 5 shows the assessment and comparison of different control strategies and finally Section 6 concludes the paper and suggests future directions.
Modelling of IM in a Synchronous Reference Frame
The mathematical model of a three phase Y-connected squirrel cage IM in direct quadrature (dq)-synchronous rotating reference frame is specified by the subsequent equations [24] .
Stator Model
The stator dq-axis voltages with corresponding flux linkages and currents are described as:
where R s and R r are stator and rotor resistances, respectively. v sd and v sq are synchronous frame and stator (dq-axis) voltages, respectively. λ sd and λ sq are synchronous frame and stator (dq-axis) fluxes, respectively. i sd and i sq synchronous frame and stator (dq-axis) currents, respectively. ω d is synchronous electrical speed and L m is mutual inductance.
Rotor Model
The rotor dq-axis voltages with corresponding flux linkages and currents are stated below 
v rq equal to 0
In the above equations, all parameters are the same as previously stated, only subscript "s" is replaced with subscript "r" for rotor and ω dA is angular slip speed.
The stator and rotor model Equations (1)- (4), are combined to describe the dq equivalent circuits for the d-axis and q-axis in Figure 1 . 
In the above equations, all parameters are the same as previously stated, only subscript "s" is replaced with subscript "r" for rotor and is angular slip speed. The stator and rotor model Equations (1)- (4) , are combined to describe the dq equivalent circuits for the d-axis and q-axis in Figure 1 . 
Rotor Electromagnetic Torque
The instantaneous electromagnetic torque acting on the d-axis and the q-axis of the rotor can be written by superposition as follows:
Equation (5), with corresponding inductance and dq-axis currents, is formulated as:
Electrodynamics of IM
Subtraction of load torque from electromagnetic torque acting on the moment of inertia determines the acceleration as presented in Equation (7a). In addition, Equation (7a) also demonstrates the mechanical part of the motor [5, 24] . Whereas, Equation (7b) describes the actual mechanical speed of the rotor in radians per second as:
Field Oriented Control Schemes
The VC scheme has the remarkable advantage of decoupling the flux and torque. It makes AC drives equivalent to DC drives with superior dynamic response in high-performance applications. In 
Rotor Electromagnetic Torque
The instantaneous electromagnetic torque T em acting on the d-axis and the q-axis of the rotor can be written by superposition as follows:
Electrodynamics of IM
Subtraction of load torque T L from electromagnetic torque T em acting on the moment of inertia J eq determines the acceleration as presented in Equation (7a). In addition, Equation (7a) also demonstrates the mechanical part of the motor [5, 24] . Whereas, Equation (7b) describes the actual mechanical speed of the rotor in radians per second as: 
Field Oriented Control Schemes
The VC scheme has the remarkable advantage of decoupling the flux and torque. It makes AC drives equivalent to DC drives with superior dynamic response in high-performance applications. In the VC strategy, the position of the rotor flux linkages λ r is assumed at an angle θ f from the stationary reference frame. Where θ f is the field angle that is used to calculate currents of the dq-axis in a synchronous reference frame via three phase stator currents through transformation. The stator current yields the rotor flux λ r and the electromagnetic torque T e , as presented in Figure 2 . Moreover, in Figure 2 the stator current vector is resolved along λ r , horizontally generates field producing component i f , and vertically provides torque controlling component i T . Controlling only the field current controls the rotor flux linkages just like a separately-excited DC machine. In the DC motor, the field current controls the field flux with no impact of armature current. The flux is controlled by the d component of the stator current based on the equation:
Similarly, controlling torque generating current i T at constant rotor flux linkages, independently controls electromagnetic torque, just like electromagnetic torque is controlled by armature current in a separately excited DC machine [5] , described as:
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The indirect FOCS is advantageous over direct FOCS due to its remarkable features like (a) reluctance to Hall effect and flux sensors (b) reduced number of transducer and feedback loops, and (c) tranquil operation at zero speed and near zero speed [5] . The indirect FOCS is derived from a dynamic equation of the IM in the synchronous revolving reference frame. For simplicity, a current source-inverter is supposed that serves the stator phase current as an input and is neglected for further consideration. The IFOC scheme is derived in detail in [24] . In an indirect FOCS, the flux linkage of rotor winding is aligned on the d-axis, which gives λ r = λ rd , λ rq = 0, and d dt λ rq = 0 [24] and modifies the slip equation below:
Equation (9) calculates slip speed. Where T r = L r R r is the rotor's time constant. The rotor flux equation related to i sd is presented as:
Equation (10), provides the reliance of λ r on i sd and is known as the dynamics equation of the d-axis rotor flux linkage. The T em is generated by the rotor d-axis flux, which is acting on the rotor q-axis winding, while the q-axis rotor flux is zero, established as:
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Figure 4 depicts, the model of IM for field angle θ f calculation, basically, this is the implementation of Equations (9)- (11) . The flux linkage of the rotor λ r is aligned with the d-axis. The rotor flux λ r , field angle θ f and electromagnetic torque T em can be obtained from i sd , i sq , and ω mech as inputs. The SVPWM is designed from [24, 25] . In the case of Sinusoidal Pulse Width Modulation (PWM)
Proposed System Model of Indirect Field Oriented Control
, ( ) = 0.612 and SVPWM , ( ) = 0.707 . The SVPWM utilizes 15% higher DCbus voltage. The reference current * is used to control the IM torque. The control structure is composed of two cascaded loops. The inner loop is used to control the torque while the outer loop is used to control the speed of the IM. The bandwidth of the inner loop is larger than the outer loop. The advance adaptive and robust controllers are used to minimize the error between the reference value and measured value and provide a reference current * to the internal loop. The PI controller The SVPWM is designed from [24, 25] . In the case of Sinusoidal Pulse Width Modulation (PWM)
, ( ) = 0.612 and SVPWM , ( ) = 0.707 . The SVPWM utilizes 15% higher DCbus voltage. The reference current * is used to control the IM torque. The control structure is composed of two cascaded loops. The inner loop is used to control the torque while the outer loop is used to control the speed of the IM. The bandwidth of the inner loop is larger than the outer loop. The advance adaptive and robust controllers are used to minimize the error between the reference value and measured value and provide a reference current * to the internal loop. The PI controller The SVPWM is designed from [24, 25] . In the case of Sinusoidal Pulse Width Modulation (PWM) V LL,max (rms) = 0.612V d and SVPWM V LL,max (rms) = 0.707V d . The SVPWM utilizes 15% higher DC-bus voltage. The reference current i * sq is used to control the IM torque. The control structure is composed of two cascaded loops. The inner loop is used to control the torque while the outer loop is used to control the speed of the IM. The bandwidth of the inner loop is larger than the outer loop. The advance adaptive and robust controllers are used to minimize the error between the reference value and measured value and provide a reference current i * sq to the internal loop. The PI controller is used to minimize the error of the q-axis current i sq . Similarly, the error of the d-axis current i sd is also controlled by using a conventional PI controller [24] .
Optimal Speed Controllers: A Design Overview
This section briefly describes the design and overview of different proposed controllers for indirect FOCS IM.
PI Control Scheme Design
The baseline PI controller is comprehensively designed and tuned in [24] . The PI controller constants for the speed loop are calculated on the basis that the phase margin is 60 • and the crossover open loop frequency is 25 rad/s. However, the torque loop has the same phase margin with 10 times the bandwidth of the speed loop.
Adaptive PI Control Scheme Design
The PI controller has constant proportional and integral gains: k p and k i , respectively. The performance of the PI control scheme is enhanced by updating the gains, according to error e(t). The adaptation is achieved by employing Fuzzy Rules (FR). FR are simple If-THEN rules (or algorithms) with a condition and conclusion. FR are constructed to control the output variables as follows:
• If the absolute error |e(t)| is zero, then k p is large and k i is zero.
• If the absolute error |e(t)| is small, then k p is large and k i is small.
•
If the absolute error |e(t)| is large, then k p is large and k i is large.
In fuzzification and de-fuzzification the membership functions are required to convert crisp input into fuzzified output and vice versa. A Gaussian Membership Function (GMF) is employed in the fuzzy rules that utilizes two update parameters, i.e., standard deviation or variance σ i and center c i as:
Mathematically, a PI controller is described as:
where the controller input is e(t), output of the controller is i * sq , and k p and k i are proportional and integral gains, respectively. Figure 6 demonstrates the adaptive fuzzy PI control scheme for the IFOC IM drive system. The error is minimized by updating PI gains using fuzzy rules. The update equation for the designed controller is presented in Equation (14) .
where F 1 and F 2 are the output of the fuzzy controller for k p and k i and K 1 and K 2 are learning rate constants for k p and k i , respectively. 
Proposed FLC based on LM
This segment describes the design of proposed FLC based on an LM algorithm. In the literature, different control schemes are implemented for IFOC IM drives, each approach has its own favorable characteristics [26] . FLC based on LM is the most appropriate for the non-linear, inadequately understood, and complex dynamic plants. FLC based on LM does not require an exact mathematical model and is known as a direct adaptive control procedure. IM can be optimally controlled by FLC based on the LM technique [27] . The knowledge base modifier handles the uncertainty of a non-linear model, while the updating of the singleton Membership Function (MF) makes the controller adaptive.
The selection of LM technique is based on the following discussion. Because of smaller step sizes, FLC based on SD is always convergent. The SD algorithm is slow but convergent [27, 28] . The probability of divergence increases in the Gauss-Newton (GN) procedure, although it minimizes the error function faster than does the SD technique. At any time, if the Jacobian matrix inverse inclines to infinity, the GN procedure fails. The LM technique is a hybrid method which is stable with the Jacobian matrix, uses the fastness of GN, and the convergence property of SD [27] . LM technique optimally solves least square minimization problems. The cost function of a control scheme is optimized by the LM algorithm as [25, 28] :
In Equation (15)
and is the function from to . It is assumed that ≥ for the , where is called the residuals. The different parameters of the LM algorithm is updated by the following equation.
+1 presents the updated value, is the Jacobean matrix, is the previous value, is the combination coefficient, is the identity matrix, and is the error. In order to guarantee that the estimated Hessian Matrix (HM) is convertible, the LM technique familiarizes another approximation to HM as:
The parameters and are used to make the algorithm stable and convergent [26] . Furthermore, FLC integrates four individual parts: fuzzifier that converts crisp input into fuzzy output using a membership function, simple rule base of IF-THEN rules or algorithms that are fired to control output, inference engine that evaluates the rules and dictates which rules should be fired, and de-fuzzifier that converts the inference conclusion into crisp or real output as presented in Figure 7 . 
In Equation (15),
and r i is the function from R n to R. It is assumed that m ≥ n for the r i , where r i is called the residuals. The different parameters of the LM algorithm is updated by the following equation.
w k+1 presents the updated value, J k is the Jacobean matrix, w k is the previous value, µ is the combination coefficient, I is the identity matrix, and e k is the error. In order to guarantee that the estimated Hessian Matrix (HM) is convertible, the LM technique familiarizes another approximation to HM as:
The parameters µ and λ are used to make the algorithm stable and convergent [26] . Furthermore, FLC integrates four individual parts: fuzzifier that converts crisp input into fuzzy output using a membership function, simple rule base of IF-THEN rules or algorithms that are fired to control output, inference engine that evaluates the rules and dictates which rules should be fired, and de-fuzzifier that converts the inference conclusion into crisp or real output as presented in Figure 7 . 
Controller Output Equation
The design develops from the Cost equation as:
The center of gravity approach is utilized to accomplish the de-fuzzification of output MF as described in the accompanying Equation.
Equation (18), the FLC based on LM output, and input MFs are updated according to output MFs, as presented in Equation (18) .
The updating of the Gaussian Membership Function (GMF) is faster and works well for continuous functions, additionally, it update two parameters i.e., Center and Variance 1 .
Jacobian Calculation
Derivative of cost Equation (17), w.r.t output MF is:
By substituting the estimations of GMF we obtain:
The Jacobian of each span, i.e., output MF, variance, and center, is obtained by derivating the cost equation. The Jacobian of output GMF is given in Equations (19)- (21) . Similarly, by derivating the cost equation w. r. t.
and , we individually demonstrate the Jacobian of the center and variance of the GMF. 
Controller Output Equation
The updating of the Gaussian Membership Function (GMF) is faster and works well for continuous functions, additionally, it update two parameters i.e., Center c i and Variance σ 1 .
Jacobian Calculation
Derivative of cost Equation (17), w.r.t output MF b j is:
∂e
The Jacobian of each span, i.e., output MF, variance, and center, is obtained by derivating the cost equation. The Jacobian of output GMF b i is given in Equations (19)- (21) . Similarly, by derivating the cost equation w. r. t. c i and σ i , we individually demonstrate the Jacobian of the center and variance of the GMF.
Update Equation for Output Membership Function
The output of the controller or the output MF is updated by Equation (22) . The output MF is presented by variable b i . The output of the controller is updated regularly according to the output to minimize the error.
Update Equation for Variance
Equation (23) demonstrates the adaptation of variance σ i or the spread of the MF. There is an inverse relation between variance and the magnitude of MF. The notch will be greater if the variance value is lower, and vice versa.
where
Update Equation for Center
Based on the crisp input to the controller, the GMF center acquires different values, which are given by Equation (24) .
Proposed Fuzzy Logic Controller Based on SD
The Steepest Descent (SD) algorithm is also known as the Error Back-Propagation (EBP) or first order-order algorithm as it employs a first derivative to reduce error. The updated equation of FLC based on SD is given as:
where g k is the gradient while α is the step size or learning rate constant. According to the EBP update rule, as illustrated in Figure 8 , the equation that updates the center, variance, and output membership function are similar to the FLC based on LM with little modification. The asymptotic convergence principle is followed by the FLC based on SD technique for a training process. Around the solution, all the elements of the gradient vector will be very trivial. In addition, in comparison to the LM and GN techniques, the weight change is small.
Update Equation for Output Membership Function
The derivative of the learning error function equation with respect to output MF b j results in the calculation of a gradient through the following subsequent equations:
By placing the estimations of GMF we get:
The finalized law for updated output MF is given as:
Update Equation for Variance
The update law for variance is obtained by taking the derivative of Equation (25b) w. r. t. σ i (k) and putting the final values in Equation (25a) as presented in Equation (25f).
Update Equation for Center
Similarly, the update relation for the center is acquired:
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The mechanical equation based on IFOC is equivalently described as:
where k T is electromagnetic torque constant and is represented as:
Substituting Equation (27a) into Equation (26), we have:
where b = K T /J, a = B/J, and f = T L /J. Applying uncertainties ∆a, ∆b, and ∆ f in terms of a, b, and f, respectively, we have:
The error equation for speed is defined as:
where ω * m is the reference rotor speed. Derivating Equation (27c), with respect to time provides:
and the uncertainties d(t) are:
The Sliding Surface (SS) S(t) with an integral component for the speed loop is defined as:
The SMC controller is designed to drive the error to the sliding surface as presented in Figure 9 . At the SS error, the derivative and integral of error tend to zero. In SMC the designed control system trajectories are forced towards SS. The SMC consists of SS and control law designing. Moreover, the discontinuous control law results in chattering in the system that is overcome by adapting continuous control law, where k is the constant defining the slope of SS, and is equal to k < 0.
S(t) = 0 at SS. The controlled system dynamic behaviour is represented as:
. e(t) − (k − a)e(t) = 0 (28b) Figure 9 . Graphical interpretation of the sliding mode controller.
Designed Hybrid Controller
The proposed HC or Fuzzy Sliding Mode Controller incorporates two adaptive non-linear control techniques: (a) Sliding Mode Control (SMC) and (b) PI-fuzzy control. The advantageous features of the SMC and PI-fuzzy control are combined in HC [31] . The SMC minimizes error in transient states, enlarging a system's stability and providing a fast-dynamic response. Chattering is reduced by PI-fuzzy during steady state. Figure 10 demonstrates the designed HC scheme. The , and values are updated using a sliding surface based on fuzzy rules. The SS control law is designed for the updated values from the fuzzy-PI control scheme. The HC aim is to design a control law that tracks reference speed [32] . Error and derivative of error are always directed towards the sliding surface in SMC. SS ( ) with a derivative component of the speed loop is defined as:
In Equation (30a), is a positive arbitrary constant that is bandwidth dependent of the system and is defined as:
The ( ) is updated using the adaptive PI controller. The discontinuous control law introduced in Equation (31a) causes oscillations in the electrical system where PWM control signals are employed.
where is a sufficiently large positive constant and
To minimize the chattering phenomena, the alternate control law is used to implement a continuous smooth approximation instead of the discontinuous "sgn" function described as: The variable structure controller is designed as:
In Equation (28c), β is the switching gain and is constrained to β ≥ |d(t)|. S is the SS and sgn(.) is the sign function and is represented as:
Substituting Equation (28c) into Equation (28a), i * sq command is obtained as:
The proposed HC or Fuzzy Sliding Mode Controller incorporates two adaptive non-linear control techniques: (a) Sliding Mode Control (SMC) and (b) PI-fuzzy control. The advantageous features of the SMC and PI-fuzzy control are combined in HC [31] . The SMC minimizes error in transient states, enlarging a system's stability and providing a fast-dynamic response. Chattering is reduced by PI-fuzzy during steady state. Figure 10 demonstrates the designed HC scheme. The k p , and k i values are updated using a sliding surface based on fuzzy rules. The SS control law is designed for the updated values from the fuzzy-PI control scheme. The HC aim is to design a control law that tracks reference speed [32] . Error and derivative of error are always directed towards the sliding surface in SMC. SS S(t) with a derivative component of the speed loop is defined as:
In Equation (30a), λ is a positive arbitrary constant that is bandwidth dependent of the system and is defined as: The λe(t) is updated using the adaptive PI controller. The discontinuous control law introduced in Equation (31a) causes oscillations in the electrical system where PWM control signals are employed.
where U is a sufficiently large positive constant and
To minimize the chattering phenomena, the alternate control law is used to implement a continuous smooth approximation instead of the discontinuous "sgn" function described as: 
Results and Discussions
The performance of the designed control strategies, for example, PI, adaptive PI, FLC based on LM, fuzzy logic (FL) based on SD, SMC, and HC was validated and investigated by several simulation results. For the IFOC IM drive system, the software used for results was MATLAB/Simulink (R2017a, MathWorks, Natick, MA, USA). The designed system was subjected to different perturbations, namely: parameter uncertainties, speed variation, electrical faults, and load disturbances. Initially, the drive was started from a halt condition; by sustaining the torque at zero, the rated flux was attained. The fundamental purpose of the simulations was twofold. First, to authenticate the exceptional robustness and outcomes of the designed control strategies. Second, to relate the effectiveness of the proposed control approaches. Table A1 summarizes the parameters of the IM, furthermore, the update constants used by the designed control schemes are elaborated in Table A2 .
Rotor Resistance and Load Disturbances
The disturbance rejection capability for the proposed control schemes was verified by applying a full load till = 1 s, and for the rest of the test the load was halved. Moreover, to verify the robustness of the design control strategies for parameter uncertainty, was varied from rated to 120%, 150%, and 200% of the rated values. As illustrated in Figure 11 at rated , the PI controller simulation results confirm slow convergence, high transient oscillation, and SSE for parameter and load variation. The performance evaluation of the proposed optimal control schemes is elaborated in Table 1 . The result of the adaptive PI control scheme is demonstrated in Figure 12 . The proposed control scheme validates less susceptibility to parameter uncertainty and sudden load disturbances, with a small SSE and approximately negligible oscillation. 
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Rotor Resistance and Load Disturbances
The disturbance rejection capability for the proposed control schemes was verified by applying a full load till t = 1 s, and for the rest of the test the load was halved. Moreover, to verify the robustness of the design control strategies for parameter uncertainty, R r was varied from rated to 120%, 150%, and 200% of the rated values. As illustrated in Figure 11 at rated R r , the PI controller simulation results confirm slow convergence, high transient oscillation, and SSE for parameter and load variation. The performance evaluation of the proposed optimal control schemes is elaborated in Table 1 . The result of the adaptive PI control scheme is demonstrated in Figure 12 . The proposed control scheme validates less susceptibility to parameter uncertainty and sudden load disturbances, with a small SSE and approximately negligible oscillation. The performance of the FLC based on LM is evaluated in Figure 13 . The transient oscillation, settling time, and SSE increase comparatively less than with parameter and load variation. The FLC based on the SD technique SSE increases from 0.21 rad/s to 0.34 rad/s with parameter and load variation from rated R r to 200% R r as illustrated in Figure 14 . The convergence property of SMC is verified in Figure 15 . The SSE is almost zero for rated R r and increases to 0.08 rad/s for 200% of rated R r . Also, the behavior of SMC is oscillatory initially and settles after t = 1.5 s. The HC strategy is investigated in Figure 16 . The HC scheme results validate the insensitivity and robustness to parameter and load variation with fast settling time and zero SSE. 0.236 (1). 0.224 (1). 812.8 (1). 0.010 (1). 0.254 (1). 0.056 (1). 0.153  (2). 0.237 (2). 0.301 (2). 697.8 (2). 808.0 (2). 0.209 (2). 0.021 (2). 0.220  (3). 0.356 (3). 0.363 (3). 609.7 (3). 0.001 (3). 0.248 (3). 0.022 (3). 0.337  (4). 0.376 (4). 0.365 (4). 669.4 (4). 0.001 (4). 0.290 (4). 0.030 (4 0.036 (1). 0.014 (1). 12.08 (1). 21.19 (1). 0.010 (1). .0001 (1). 0.007  (2). 0.037 (2). 0.016 (2). 0.001 (2). 168.1 (2). 0.021 (2). .0004 (2). 0.019  (2). 0.038 (3). 0.017 (3). 0.006 (3). 192.9 (3). 0.010 (3). .0005 (3 The performance of the FLC based on LM is evaluated in Figure 13 . The transient oscillation, settling time, and SSE increase comparatively less than with parameter and load variation. The FLC based on the SD technique SSE increases from 0.21 rad/s to 0.34 rad/s with parameter and load variation from rated to 200% as illustrated in Figure 14 . The convergence property of SMC is verified in Figure 15 . Also, the behavior of SMC is oscillatory initially and settles after = 1.5 s. The HC strategy is investigated in Figure 16 . The HC scheme results validate the insensitivity and robustness to parameter and load variation with fast settling time and zero SSE. . Also, the behavior of SMC is oscillatory initially and settles after = 1.5 s. The HC strategy is investigated in Figure 16 . The HC scheme results validate the insensitivity and robustness to parameter and load variation with fast settling time and zero SSE. 
Electrical Faults with Load Variation
Electrical fault perturbation analysis evaluated stability and dynamic performance of the IFOC IM for the designed control strategies. The proposed system was subjected to various faults: 
Electrical fault perturbation analysis evaluated stability and dynamic performance of the IFOC IM for the designed control strategies. The proposed system was subjected to various faults: (a) Single Phasing, (b) Double Phasing, (c) Under Voltage, and (d) Over Voltage, as demonstrated in Figures 17-20 respectively. In single phasing, phase "a" opened for 200 ms at t = 1 s. Extra heat was generated in the stator winding because of more current being drawn by phase "b" and "c". PI controller provided a large undershoot of 8.25 rad/s and overshoot of 14.25 rad/s. Further, the PI control scheme settled after t = 1.8 s, resulting a high oscillation in response. The responses of the adaptive PI, FLC based on LM, FLC based on SD, and SMC were almost the same with an average settling time of t = 1.3 s, overshoot of 3.25 rad/s, and undershoot of 3.75 rad/s. The chattering phenomena in the SMC resulted in large oscillation. Moreover, HC strategies provided an undershoot of 0.05 rad/s and overshoot of 0.03 rad/s that settled at t = 1.3 s with negligible oscillation. The system was subjected to double phase fault at t = 1 s for 200 ms along with load variation. The undershoot of 28.25 rad/s, overshoot of 72.75 rad/s, settling time of t = 2 s, and large dips were noted for the speed response by the PI control strategy. An average undershoot of 7.25 rad/s, overshoot of 9.75 rad/s, and settling time of t = 1.45 s along with chattering for adaptive PI, FLC based on LM, FLC based on SD, and SMC control schemes were found. Furthermore, an undershoot of 2.05 rad/s, overshoot of 1.15 rad/s, output settles after t = 1.5 s, and negligible chattering was recorded for the HC scheme. 
Load Disturbances in Presence of Speed Variation
The robustness of the designed control schemes were successfully validated for low speed variation and the results are shown in Figure 21 . The speed was reduced to half (92.62 rad/s) along with load disturbance at = 1 s. The non-minimum phase behavior of the PI controller produced an overshoot of 7.06 rad/s and undershoot of 25.625 rad/s. The speed settled slowly after = 1.5 s. Furthermore, the simulation results confirm slow convergence, high transient oscillation, and high SSE of the PI control strategy. The responses of adaptive PI, FLC based on LM, FLC based on SD, and SMC were almost the same with settling time of = 1.4 s, average overshoot of 3.05 rad/s, and undershoot of 3.15 rad/s. The chattering phenomena in the SMC resulted in large oscillations. Moreover, HC strategies provided an overshoot of 0.04 rad/s that settled at = 1.4 s and 0.08 rad/s undershoot with negligible oscillation. The tracking error for the dynamic response of the speed loop is presented in Figure 22 . Among the designed controllers, the PI control strategy showed sensitivity, large slow convergence, and oscillation to load variation. However, the FLC based on LM algorithm, FLC based on SD technique, SMC, and HC (Adaptive Sliding Mode Controller (ASMC)) provided allowable sensitivity, less oscillation, and fast convergence when compared to PI. The fault tolerant capability of the design control strategies was investigated for overvoltage and under voltage electrical fault perturbation. At t = 1 s the three phase voltages were maximized and minimized to 150% and 50% of the rated values for 200 ms. The PI control strategy shows undershoots of 13.75 rad/s and 9.25 rad/s, settling times of t = 1.8 s and t = 1.7 s, and overshoots of 28.75 rad/s and 13.75 rad/s, respectively, and bulky transient oscillation was noted for undervoltage and overvoltage. The dynamic behavior of adaptive PI, FLC based on LM, FLC based on SD, and SMC generated average settling times of t = 1.62 s and t = 1.58 s, overshoots of 2.75 rad/s and 4.75 rad/s, and undershoots of 2.25 rad/s and 5.25 rad/s, for overvoltage and undervoltage faults, respectively, and comparatively less oscillation for overvoltage and undervoltage. The overvoltage and undervoltage faults of the HC scheme provides settling times of t = 1.35 s and t = 1.4 s, overshoots of 0.02 rad/s and 0.05 rad/s, and undershoots of 0.03 rad/s and 0.1 rad/s, respectively.
The robustness of the designed control schemes were successfully validated for low speed variation and the results are shown in Figure 21 . The speed was reduced to half (92.62 rad/s) along with load disturbance at t = 1 s. The non-minimum phase behavior of the PI controller produced an overshoot of 7.06 rad/s and undershoot of 25.625 rad/s. The speed settled slowly after t = 1.5 s. Furthermore, the simulation results confirm slow convergence, high transient oscillation, and high SSE of the PI control strategy. The responses of adaptive PI, FLC based on LM, FLC based on SD, and SMC were almost the same with settling time of t = 1.4 s, average overshoot of 3.05 rad/s, and undershoot of 3.15 rad/s. The chattering phenomena in the SMC resulted in large oscillations. Moreover, HC strategies provided an overshoot of 0.04 rad/s that settled at t = 1.4 s and 0.08 rad/s undershoot with negligible oscillation. The tracking error for the dynamic response of the speed loop is presented in Figure 22 . Among the designed controllers, the PI control strategy showed sensitivity, large slow convergence, and oscillation to load variation. However, the FLC based on LM algorithm, FLC based on SD technique, SMC, and HC (Adaptive Sliding Mode Controller (ASMC)) provided allowable sensitivity, less oscillation, and fast convergence when compared to PI.
Moreover, HC strategies provided an overshoot of 0.04 rad/s that settled at = 1.4 s and 0.08 rad/s undershoot with negligible oscillation. The tracking error for the dynamic response of the speed loop is presented in Figure 22 . Among the designed controllers, the PI control strategy showed sensitivity, large slow convergence, and oscillation to load variation. However, the FLC based on LM algorithm, FLC based on SD technique, SMC, and HC (Adaptive Sliding Mode Controller (ASMC)) provided allowable sensitivity, less oscillation, and fast convergence when compared to PI. 
Parameter and Load Variations
The step-change in parameters generated the worst-case scenario for the motor under IFOC. The variation in the parameters was as follows: rotor resistance was 200% of rated value, mutual inductance was 80% of rated value, inertia to was 130% of rated value, was 50% of rated value, was 120% of rated value, stator inductance was 80% of rated value, and rotor inductance was 90% of rated value, at time = 1 s as presented in Figure 23 . In comparison to traditionally tuned PI controllers, the FLC based on LM, FLC based on SD, SMC, and HC provide smooth, robust, permissible overshoot with faster response, rise time, and settling time for the parameter uncertainties and load disturbances as presented in Figure 23 . 
The step-change in parameters generated the worst-case scenario for the motor under IFOC. The variation in the parameters was as follows: rotor resistance R r was 200% of rated value, mutual inductance L m was 80% of rated value, inertia J eq to was 130% of rated value, T L was 50% of rated value, R s was 120% of rated value, stator inductance L s was 80% of rated value, and rotor inductance L r was 90% of rated value, at time t = 1 s as presented in Figure 23 . In comparison to traditionally tuned PI controllers, the FLC based on LM, FLC based on SD, SMC, and HC provide smooth, robust, permissible overshoot with faster response, rise time, and settling time for the parameter uncertainties and load disturbances as presented in Figure 23 .
inductance was 80% of rated value, inertia to was 130% of rated value, was 50% of rated value, was 120% of rated value, stator inductance was 80% of rated value, and rotor inductance was 90% of rated value, at time = 1 s as presented in Figure 23 . In comparison to traditionally tuned PI controllers, the FLC based on LM, FLC based on SD, SMC, and HC provide smooth, robust, permissible overshoot with faster response, rise time, and settling time for the parameter uncertainties and load disturbances as presented in Figure 23 . The designed control scheme's performance is critically and analytically compared with recent literature in Table 2 . Additionally, the dominant features are guaranteed in regards to load disturbances, parameter variation, chattering phenomena, electrical faults perturbations, and The designed control scheme's performance is critically and analytically compared with recent literature in Table 2 . Additionally, the dominant features are guaranteed in regards to load disturbances, parameter variation, chattering phenomena, electrical faults perturbations, and robustness for the proposed control scheme. Moreover √ defines presence and × defines deficiency of the stated property. 
